Radiative lifetimes for the u ' =O, 1, and 2 vibrational levels of the a 3Z%f metastable state of NO+ have been measured by counting for equal time intervals the UV photons emitted as the metastable ions decay to various ro-vibrational levels of the NO+(X '2 ') electronic ground state. A metastable NO+ ion population was produced inside a cylindrical radio frequency ion trap by electron bombardment of NO vapor at pressures ranging from 3.2 to 12.0X 10-s Tom After the ions were created, the radiative decay of the a 3Cf population was monitored versus time by focusing a geometric-fraction of the light emitted by the decaying metastable ions onto a narrow-bandwidth (-10 nm FWHM) interference filter in front of a photomultiplier tube operated in photon-counting mode. Several filters with differing transmittance envelopes were used during the experiment to resolve different lifetimes for the lowest, three, vibrational levels of the a 3Z%+ metastable state. Previous "indirect" measurements of the NO+(a 3C+) lifetime produced results that differed by about an order of magnitude, as have attempts to calculate the a 31$+ lifetime. Our experiment resolves the uncertainty associated with the radiative lifetime of the u 3z ' metastable state, and the improved resolution of our method, relative to previous measurements, allowed us to observe a significant vibrational-state dependence of the a 3C+ lifetime. Our results for the radiative lifetimes of the u ' =O, 1, and 2 vibrational levels of the a 3ri+ metastable state of NO+ are 720270, 465+;;, and 330:;; ms, respectively.
I. INTRODUCTION
One of the major ionic constituents of the D, E, and F, regions of the ionosphere is NO+. Within the NO' ion, the a36+ state is the first excited state and is metastable by virtue of the spin-selection rule AS=O. At the present time, the actual spin-orbit mixing mechanism that allows the a 3Cf state to undergo a radiative transition to the X 'c' ground state of NO+ is quite uncertain'. Because of its atmospheric abundance and high reactivity relative to the X 'C+ ground state, the a "C + state could significantly influence the chemistry and equilibrium of the Earth's ionosphere. An accurate knowledge of the a sZ+ lifetime, as well as those of other long-lived states of atmospheric molecular ions, is required to determine the magnitude of their influence. Figure 1 shows a partial energy level diagram, generated from the spectroscopic data reported by Albritton et al." of the lower-lying electronic states of NO'. Two other states that may be relevant in this report, W 'A and A' lx-, lie just below the A 'II state and have not been show in Fig. 1 for clarity of presentation.
Three previous measurements3-5 of the NO+(a 32 ') metastable-state lifetime produced results that differ by about an order-of-magnitude. All of the previous experiments employed "indirect" measurement techniques, which allowed a metastable population to undergo a reaction and monitored the concentration of reaction products as a function of time. Moreover, each of the previous authors report that it would be difficult, if not impossible, to determine the a 3c+ lifetime by any other technique: especially the direct observation of fluorescence decay. Several calculations"3'4*6 of the a 3Z+ lifetime also exist in the literature. Calculated lifetimes vary almost as widely as the previously measured results and indicate that the u sI$+ lifetime is extremely sensitive to the mixing model chosen by the respective authors. The most recent attempt' to calculate the NOf(a 3Z+) lifetime suggests it may be impossible to deduce a lifetime with a reasonable degree of certainty.
The use of ion-trapping techniques for the direct observation of photons emitted by a decaying, metastable, atomicion population has produced a wealth of radiative lifetime data7-9 for long-lived states of atomic ions. However, except for a preliminary report,t" applications of these techniques to the measurement of metastable-state radiative lifetimes of molecular ions are absent from the literature. Using an extension of a technique previously reported by our lab," we have measured radiative lifetimes for the a sz+ metastable state by direct observation of the fluorescence decay from a stored population of NO+(a 3Z+) ions.
II. EXPERIMENTAL METHOD
Details concerning cylindrical rf ion traps," and their application to metastable-state lifetime measurements"'*'3~14 of atomic systems, are well represented in the literature. Our work used an electron-impact excitation method, and a sequencing for data acquisition, previously detailed."
A time-dependent trapping voltage applied to the ring electrode of the trap produced an effective potential wellI that confined an NO+ ion population to a volume of about 20 cm3 inside the trap. Most of our data were collected with fll2rr=760 kHz, 16 C U,=~30 V, and 30O=GV,=~420 V. These parameters yielded spherical potential wells for NO+ ions that ranged from -12 to 20 eV in depth. The trap and a 0.1 in diam tungsten dispenser cathode were located inside a vacuum chamber where the residual background pressure, as measured by a Baynard-Alpert ionization gauge, was less than 10v9 Ton: We established a stable NO pressure inside the trap volume with a variableleak valve. In order to determine the pressure dependence of the measured decay rates, NO pressures were varied between 3.2 to 12X10m8 Torr; these pressures have been adjusted to reflect the different ionization cross section of NO relative to Nz.
Metastable NO' ions were created when the dispenser cathode was pulsed from its normally off bias of + 100 V to an "on" bias of -50 V for a 100 ms electron bombardment interval. During this period, electrons emitted by the cathode entered the trapping volume with about 50 eV of kinetic energy, collided with neutral NO molecules, and produced various atomic and molecular fragments; a fi-action of which were in the a 3z+ metastable state of NO'. We refer to the electron-bombardment interval as the fill period and the negative potential applied to the cathode during this period as the fill pulse, Assuming an estimated photon counting ef- ficiency of 0.05%, our observed signal indicates that greaterthan 2X lo4 NO+(a 3C+) ions were created and stored in the trap per fill pulse. After the trap was filled, and a subsequent 1 ms delay period had elapsed, a fraction of the light emitted by the decaying NO+(a 3C+) ion population passed through the wire-mesh ring electrode of the trap and was focused by an ,fl2 CaF, lens onto a narrow-bandwidth (AX-10 nmj interference filter positioned in front of an EMR 5414 photomultiplier tube (Q-tube) operated in photon counting mode. The interference filter preferentially selected photons emitted as a consequence of the a 3ZS+-+X 'C+ intersystem transitions and rejected unwanted background radiation, predominantly emitted by thermal radiation of the dispenser cathode operated at about -1250 "C. In order to explore the possibility of a vibrational-level dependence for the lifetime of the a 3Zc+ metastable state, we used a series of interference filters during the course of this investigation. A majority of the data was accumulated with filters that had transmittance maxima located at 204, 214, 232, 248, and 264 nm, respectively.
We defined the photon detection efficiency of the apparatus as the convolution of filter transmittance with the quantum efficiency of the Q-tube. Figure 2 shows the relative photon detection efficiency of the apparatus when each of these filters was used in the experiment. The actual maximum detection efficiency of the apparatus was approximately 2.2%, corresponding to when the 248 nm filter was used.
Our data collection technique alternated between two phases of trap operation: (1) tuned for NO+ storage and (2) completely detuned from NO' storage. By subtracting counts accumulated during the second phase from those accumulated during the first, the resulting signal produces a decay curve with a real-time background correction. We refer to the two phases of data accumulation as a data collection cycle. Decay curves associated with the decay of trapped metastable ions were developed with a 0.334 Hz collection cycle. A clock pulse triggered the start of each data accumulation phase. 4t the end of the electron-impact interval, the falling edge of the fill-logic pulse started a multichannel scaler (MCS), which was programmed to insert a relaxation period of 1 ms before photon-counting began. During the relaxation interval, the ion cloud stabilized and trapped ions, created in excited states other than long-lived metastable states, decayed to insignificant numbers. Photon counting periods were programmed for 64 sequential channels, each -21 ms in duration, yielding a total photon counting interval of approximately 1342 ms per data accumulation phase. The results of this method produced photon-decay curves with a good signal-to-noise ratio after 13000 data collection cycles. Figure 3 shows a logarithmic plot (negative counts not shown) of two such decay curves. The stronger signal (filled circles) was collected with the 264 nm filter in the apparatus; the weaker signal (filled triangles) corresponds to the 204 nm filter. A total of more than 100 decay curves were accumulated and analyzed for this project. Using a separate measurement technique,16 the ion storage time-the time required for the ion population to fall to l/e of its initial value-was determined using the experimental parameters employed during the radiative lifetime measurements. Results of these ancillary measurements indicated that NO+ storage times were significantly greater than the effective lifetimes measured at each NO source pressure. Furthermore, an extrapolation of the inverse of the measured storage times to zero NO source pressure yielded a zeropressure storage time greater than 10 s.
III. DATA ANALYSIS
We determined that the photon-decay signals originated with excited NO+ ions by accumulating null data sets when either the NO source was removed from the vacuum system A. G. Calamai and K. Yoshino: Radiative lifetimes of NO' or the ion trap was detuned from NO+ storage. These tests ' resulted in a statistical distribution of background counts about zero for each of the primary interference filters, i.e., the 204, 214, 232, 248, and 264 run filters, used in this work.
The solid curves through the data sets shown in Fig. 3 correspond to the results of a nonlinear least-squares fit of the data to a single exponentially decaying population plus a constant background: '+B, (3.1) where N,, ?: and B correspond to the initial population, decay rate, and constant background parameters of the model, respectively. While this model represents an excellent fit to the data collected through the 264 nm tilter (filled circles), a deviation from this model exists for the 204 nm data set (filled triangles)-note the first five data points. The only difference between the two data sets was the interference filter used during signal accumulation. The representative decay curves of Fig. 3 evince a few general results of all our measurements: (1) the signal intensity decreased with wavelength A, (2) the sampled populations deviated from being well represented by a single-population as X decreased, and (3) the background parameter B was statistically consistent with zero. We analyzed the signal intensities accumulated with each filter by normalizing the data sets to the effective width of the 264-nm detection efficiency envelope. This analysis showed a steady attenuation of signal intensity as the peak-detection wavelength of each filter decreased; e.g., the normalized signal intensities collected with the 204 nm filter were approximately one-fifth the intensity of the signals accumulated with the 264 rm-r filter. Several data sets were accumulated with narrow-bandwidth filters that had peak transmittances below 195 run. None of the scans below 195 rmr developed decay curves with an appreciable intensity and temporal behavior similar to the scans accumulated through the primary filters. When monitoring the fluorescence decay of an electronic state of a molecular ion with the spectral resolution of our technique, a deviation from single-exponential decay behavior could be expected. Two plausible mechanisms for this deviation exist with this experiment: (1) a metastable state other than the a 3C+ state could be trapped and radiatively decay with the emission of a detectable photon, and (2) another trapped metastable-state population might contribute undesired counts to the observed decay curves by a cascade mechanism that repopulates the a 3X + state. Solutions to the coupled, linear, differential equations governing these two mechanisms indicate the systematic effects would distort the decay curves in different ways.
In order to ascertain the effect other decaying populations might have on the single-population-fit results for the dominant, longer-lifetime, component that exists in all the primary decay curves, we applied nonlinear least-squares fits of two-and three-independent exponentially decaying populations to all the data sets. We also fit the data to a cascademechanism model that had one level repopulating a lowerlying state as a function of time. While the vibrational structure of the d. 3c+ state could produce systematic effects from both processes, this analysis, considered with the stmc-ture of the data sets, did not support the hypothesis of a large population affecting the observed decay curves by the cascade-mechanism. Fitting the data to two-or threeindependent populations indicated the additional component(s) that developed at shorter wavelengths had a weak intensity relative to the dominant long-lifetime component. The nonlinear least-squares-fit results for the decay rates of the weaker, relatively short-lifetime components depended to a great extent on the model and time interval to which the data were fit. However, the error-minimized decay rates associated with the dominant component showed no significant dependence on least-squares fitting model. Furthermore, when the first 150 ms of the data sets were omitted from the fit, the single-population model provided a good representation for all the decay curves: regardless of the interference filter used for accumulation. When applied to an interval beginning at 150 ms, the single-population model produced best-fit decay rates that were consistent with the decay rates associated with the dominant components of both the twoand three-population models. On this interval, the singlepopulation fit yielded reduced-2 statistics normally distributed about a value of 0.9 for all the primary decay curves.
We also studied the behavior of the decay curves as a function of electron-impact excitation energy. Several ancillary measurements showed an increase in the intensity of the short-lifetime component(s) relative to the dominant longlifetime component as the excitation energy increased. While the relative intensity of the short component(s) increased with excitation energy, it remained significantly weaker than the dominant component intensity. The decay rates of the short component(s) were also affected by changes in excitation energy, whereas the best-fit decay rates associated with the dominant longer-lifetime component were not significantly influenced. Additional decay curves, for which experimental parameters such as data accumulation rate, channel bin width, ion-cloud relaxation period, and trap well depth and asymmetry were varied, were also collected in order to explore for other possible systematic effects. Varying these parameters had no measurable effect on the decay rates associated with the dominant component of the data sets. Our assignment of the dominant longer-lifetime component of the data sets to the decay of the NQ+(a 32+) metastable state is partially supported by the immunity of the dominantcomponent decay rates to electron-impact excitation energy and by the relative intensity behavior of the constituent populations versus excitation energy. Table I shows the relative observation strength (ROS) of our apparatus for each of the primary interference filters. The ROS is a simple convolution of the photon detection efficiency of the apparatus with the Franck-Condon factors for the a 3Z?,f-+X 'Zf radiative transitions. We defined the ROS to help interpret the measured differences in the decay curves accumulated with the various interference filters. Consideration of the ROS indicated that, when the 204 and 214 nm filters were in the apparatus, UV photons emitted by the decay of a 3x+ ions in the (u ' =2) vibrational level were preferentially detected. Similarly, using the 232 nm filter favored detection of photons emitted by the decay of a "2 ' (u ' = 1) ions, and the 248 and 264 nm filters predomi-TABLE I. Relative observation strength (ROS) for the detection of photons emitted by the decay of the lowest four vibrational levels u ' of the a '2 + metastable state to various vibrational levels of the X 'Y,+ ground state of NO+. The ROS is a convolution of the photon detection efficiency of the apparatus with the Franck-Condon factors for the a 3X+-+X '8+ radiative transitions, and represents a measure of the influence each NO+(a 3Ji+) vibrational level has on the decay curves accumulated through each of the primary interference filters. Column labels Fl through F5 correspond to the primary lilters; where, in order of decreasing wavelength, Fl represents the filter with peak transmittance at 264 nm and F5 represents the filter with peak with transmittance at 204 nm. nantly detected photons from the decay of NO+(a 3Z$') ions in the ground vibrational level. The ROS for photons emitted by the a 3C + state in vibrational levels with u ' a4 was insignificant for the primary filter set. In the VUV region, where an appreciable ROS exists for photons emitted by the decay of higher vibrational levels, either no signal was detected or the intensity was too weak to permit a reliable fit. The ROS analysis indicates, perhaps with the exception of the data accumulated through the 264 nm filter, that the observation of multiple-component decay curves with the primary filters could be expected if the a 3Z+ vibrational levels have significantly different lifetimes: The magnitude of a data set's deviation from single-population behavior depends on the relative population of the a 3c+ vibrational levels and the ROS of the apparatus. We have no reliable a priori information concerning the NO+(a 3c+) vibrationallevel distribution immediately after electron-impact excitation in our apparatus. However, after the ion cloud relaxation period, the measured intensities show that a substantial fraction of the trapped NO+(a 3c+) ions exist in the ground vibrational level, followed by smaller, but significant, populations in the u ' = 1 and 2 vibrational levels, and sparsely populated vibrational levels for u ' 33. These results are consistent with an estimated population distribution3 for NO+ ions produced by a 70 eV electron-bombardment interval, followed by a plasma relaxation period.
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IV. RESULTS AND DISCUSSION
Our final measured values for the radiative lifetimes of the a 3S+ metastable state of NO+ are based on the results of the single-population least-squares analyses of the dominant component of the data sets accumulated with the primary interference filters. Each decay curve required approximately 11 hours to achieve a signal-to-noise ratio similar to that shown in Fig. 3 . Adverse effects of the NO source gas on the dispenser cathode hindered data collection at pressures greater than 10X lo-' Torr: therefore, only a few decay curves were developed with NO pressures of 12X IO-' TOIT, 9t ' " ' u ' -" 1-j As part of our effort to identify possible systematic effects, spherical well depths ranging from 12 to 20 eV were used to accumulate decay curves with several of the primary filters and at different NO source pressures. Because the rn-easured decay rates showed no significant systematic dependence on trap well depth, all the decay @es corresponding to each primary filter were binned according to NO source pressure and averaged. The mean decay rates obtained with the 214 (filled triangles), 232 (filled squares), and 264 mn (filled circles) filters ark plotted versus NO pressure in Fig. 4 ; the solid-lines drawn through'the mean decay rates correspond to the results of straight-line least-squares fits to the decay rates versus NO source pressure. For clarity of presentation, mean decay rates obtained with the 204 and 248 nm filters have not been shown in Fig. 4 . However, while the mean decay rates obtained using the 204 and 248 nm filters were systematically greater than the 214 and 264 nm decay rates, they were statistically indistinguishable from those obtained through the 214 and 264 &I filters, respectively. The measured decay rates y consist of two parts: the radiative decay rate y0 plus a pressure-dependent decay rate 7, that represents loss of 'ions in the metastable state as a consequence of collisions with the NO molecules present in the trapping volume. To first order in the NO density rzp, the measured decay rate is y=yo+yp=yo+knp~ (4.1) where k is the collision-rate coefficient and n, is the number of NO molecules per unit volume at a particular pressure P. As evinced by the straight-line least-squares fits to the mean decay rates versus NO pressure, this model provides an excellent representation for the mean decay rates extracted A. G. Calamai and K. Yoshino: Radiative lifetimes of NO' from the decay curves accumulated with each primary interference filter. The slope of the straight-line fits to the mean decay rates versus NO pressure yielded the collision-rate coefficients k. Our measured collision-rate coefficients, K--1.5X lo-' cm3/s, did not depend on the interference filter used to accumulate the decay curves: indicating that the dominant populations of the data sets correspond to the same electronic state. Since we used an uncalibrated ionization gauge to measure the NO pressures, our collision-rate coefficients have an estimated uncertainty of 25% or more. Consequently, the collision rates measured during this work show good agreement with collision-rate coefficients reported by Dotan et aLI for the process
Previous lifetime measurements using ion trapping techniques8TY.16 showed that the major metastable-state loss mechanism in ion traps corresponds to kinetic collisions with the parent gas molecules.
The dependence of the signal on NO source molecules and the trap being tuned for NO+ storage, coupled with the collision data and spectral response of the apparatus, also support our assignment of the dominant components of the decay curves to the NO'(a 3c+) metastable state. Figure 4 shows a significant increase in the mean decay rates as the peak-detection wavelength of the-spectral observation envelope decreases. Since photons detected through the 204 and 214 nm filters predominantly correspond to the decay of a 3I$+ ions in the u'=Z vibrational level, the 232 nm data sets reflect the decay of a 3c' (v ' = 1) ions, and the 248 and 264 nm decay curves were dominated by photons emitted by a 3ZZ,'(~ ' =0) ions, the behavior of the mean decay rates versus spectral observation envelope shows excellent agreement with the theoretical expectation of shorter lifetimes for higher-lying vibrational levels of a heteronuclear diatomic ion. Thus, for each spectral set of decay rates, we obtained the radiative lifetime of the NO+(a 'x') metastable state from the inverse of the zero-pressure intercept of the straight-line least-squares fits to the decay rates versus pressure, i.e., 'io=l/yo.
Given that all our observed decay curves actually consist of averages over lifetimes of the occupied rotational states of the trapped NO+(a3x.') ion population, our measured radiative lifetimes actually represent effective radiative lifetimes. Nevertheless, the results of this experiment represent a significant improvement over all previous attempts3-5 to measure the NO+(a 3C+) lifetime. Our results for the effective radiative lifetimes of the a 3c+ metastable state of NO' are 720270, 465+$and 330?2: JIIS fo; the ion existing in the u ' =0, 1, and 2 vibrational levels, respectively. These results demonstrate that an observable vibrational-level dependence exists for the radiative lifetime of the NO'(a 3s'$ metastable state and considerably reduce the uncertainty associated with the radiative dynamics of this atmospherically abund,ant ion. Table II "The dominant states included in the calculations that yield nonzero transition probability for the a )X+,x' 'X+ electronic transitions.
V. UNCEFiTAlNTlES
Because the statistical uncertainties associated with the slope and intercept of the straight-line fitting procedure.were exceedingly small, we adopted a more conservative estimate-based on the statistical errors of the mean decay rates shown in Fig. 4 -for a total statistical uncertainty of about 5% for each of our measured radiative lifetimes.
A dominant source of systematic uncertainty is associated with knowledge of the source gas pressure and consequently the extrapolation of the mean decay rates to zero source pressure. Other possible errors arise from uncertainties in the MCS time-base, nonzero ion-loss rate at zero source pressure, the time-interval to which the data were fit, and the possibility of photon counts from the decay of higher-lying vibrational levels slightly skewing the mean decay rates. We estimated the sum of the uncertainties from all the possible systematic effects at approximately 18% of the measured radiative lifetimes. Then, combining the total systematic uncertainty in quadrature with the statistical uncertainty, we arrived at a total uncertainty of about + 1.0% for each of the radiative lifetimes of the a 3Z' metastable state of NO+.
An additional systematic uncertainty exists for the lifetimes of the NO+(a s$' ) state in the u ' = 1 and 2 vibrational levels. This effect is related to undesired photon counts in the decay curves as a consequence of photon emission from lower-lying vibrational levels. The table of relative observation strengths (Table I) shows that a fraction of the decay curves accumulated with the 232 nm filter, predominantly corresponding to the u ' = 1 level, probably contain counts that originated with the u ' =0 level. Similarly, a fraction of the decay curves accumulated with 204 or 214 nm filters, corresponding to the u ' -2 level, probably contain counts from the decay of u ' = 1 ions. The ROS for photons emitted by NO'(a 3?:c -7 u ' =O) ions is either negligible or quite small under the 204 and 214 nm detection efficiency envelopes, respectively. By analyzing the systematic shifts in the decay rates collected with the primary interference filters and an ancillary 220 run filter, we concluded that this systematic effect could not influence the measured lifetimes by more than 10%. This additional systematic uncertainty would make the measured lifetimes appear longer. Therefore,. we added the estimated error directly to the lower error bar of the u ' = 1 and 2 lifetimes to yield the final results shown in Table II .
An analysis of the NO+ energy level structure indicated two other metastable states, W 'A and A ' 'Z -, might contribute undesired counts to the observed decay curves. Both of these metastable states lie just below the A 'II state; which rapidly decays via electric dipole transitions to the X rC+ ground state. Partridge et al. '* indicated that the lowest vibrational level(s) of the W 'A and A ' 's-states are truly forbidden to decay by electric dipole transitions and probably decay by electric quadrapole and magnetic dipole transitions. respectively, to the NO+(X 'C+) ground state. Since photons emitted by these forbidden transitions would have the greatest intensity in the VUV, and we did not detect any significant long-lifetime decay curves in that spectral region, we concluded that these metastable states were not well populated and do not represent a significant source of systematic error for our measurement of the NO+(a 3Z ') radiative lifetimes.
Photons emitted by the decay of metastable levels of the atomic ions N+ and O+ also represented a possible source of systematic error. These ionswould not be efficiently created and stored with the excitation and trapping parameters used for the NO+(u 3Zf) experiments. In order to verify this, we accumulated scans using Nz or Oz as the source gas, an interference filter that would optimize the detection of photons emitted by the decay of the relevant metastable atomic state, and the NO+(a 3Z+) trapping and excitation parameters. No signals were detected: ruling out the possibility of photons from forbidden transitions of metastable atomic ions-corrupting the NO+ decay curves.
The true composition of the shorter-lifetime components of the primary-filter decay curves is very uncertain. While a fraction of the counts in the early channels of the primary decay curves probably correspond to photons emitted by higher-lying vibrational levels of the a 3Z' state, the weak relative intensity of the shorter-lifetime components precluded a reliable analysis of their composition. However, in order to investigate the possibility of the NO+@ 3H and w 'A) states contributing photons to the early channeIs of the NO+(a 32 ') decay curves, we accumuIated a few scans with a much finer temporal resolution than that used for the NO'(a 3Z') lifetime measurements. Weak, but significant, decay signals were detected in 10 run spectral windows around 200 and 175 nm. The signal detected near 200 nm had an effective lifetime of 180270 pus, and the signal near I75 nm yielded an effective lifetime around 3 t2 ms. If these results correspond to the b sIl and w 3A states of NO+, they would corroborate the b "II lifetime measurement of Maier and Holland" and the order of magnitude of the lifetime calculated by Partridge et aZ.'s for the w 3A metastable state.
VI. SUMMARY
This work proved that the direct observation of fluorescence decay from a stored population of highly metastable moIecuIar ions represents a viable and accurate method for determining radiative lifetimes of long-lived states of molecular ions. Moreover, under the appropriate conditions, our technique permits an investigation of the radiative dynamics of individual vibrational levels of the metastable s,mte in question.
A comparison of our measured radiative lifetimes for the a sZ+ metastable state of NO+ with all previous attempts to determine the NO+(a 3$, ') lifetime is given in Table II . Since the earlier experimental reports3-5 used "indirect" measurement techniques, which had lower resolution and Iower samphng frequencies than the present report, the previous measurements actually correspond to effective lifetimes averaged over both the vibrational and rotational state distributions of the sampled NO+(u 3x') populations. We showed a significant vibrational-level dependence exists for the NO+(u 3C+) radiative lifetime and reported effective radiative lifetimes for the lowest three vibrational levels of the NO+(u 3Z:f) metastable state with a 90% level of confidence. Given the reported uncertainty in the average radiative lifetime measured by Kuo et al., 4 good agreement exists between their average lifetime and our vibrationally resolved radiative lifetimes. In our opinion, the average lifetimes reported by Marx et a1.,5 could be skewed by systematic difficulties associated with the time interval on which their data were accumulated and analyzed, and also by the limited storage-time of their apparatus.
Our measured radiative lifetimes for the a 3Z+ metastable state of NO+ provide a yardstick for the improvement of the theoretical description of the radiative behavior and ' spin-orbit mixing scenarios which ultimately allow the a 3Z + state to radiatively decay. Although a lack of uncertainty information precludes quantitative comparisons with the calculated lifetimes, our measured lifetimes support the calculations that show a significant vibrational-level dependence for the radiative lifetime of the a 3Zy+ metastable state of NO+.
